Materials science is an interdisciplinary field that examines the structure-property relationships in matter for its applications to many areas of science and engineering. Providing a means for intuitive development of understanding of these relationships by young learners and university undergraduates alike is critical. The effectiveness of an immersive low-cost 3D virtual reality (VR) environment was evaluated during a pilot study sponsored by the Center of Integrated Nanomechanical Systems (COINS) program. The 3D VR environment involves the use of a specialized display, sensors, computers, and immersive visual technology equipment. In collaboration with Cognitive Science investigators, our research focused on understanding the impact of the 3D VR environment on the visual ability to perceive structures in three dimensions and on quantifying the learning of COINS participants. The premise was to measure the learning of undergraduate participants in activities designed to evaluate the quality of the learning environment. Our investigation consisted of three stages in which participants learned about carbon nanotubes (CNTs) via traditional methods, physical models and virtual models. Traditional methods (2D projection graphs) were not appealing to participants and did not facilitate depth perception. Physical (ball-and-stick) models motivated participants by allowing interactivity but bond distance/angle measurements were tedious. Virtual models (3D models) offered complete manipulation, real-time measurements and the capability of mimicking realistic atomic forces (attractive/repulsive), giving the user a better insight into the structure of CNTs compared to previous methods. While immersive environments offer virtual models with some of the same benefits of physical models, it is the extended features (e.g. accurate distance representation, computer simulations capability and analysis tools for further investigations) that suggest such environments as effective learning tools for materials science education. Preliminary data analysis suggests that highly accurate perception of a molecular structure is facilitated by the use of immersive environments in which the operator may manipulate and measure important intrinsic information about the structure. Moreover, computer simulations of materials are of great scientific interest for technological progress. We are presently working on the development of the immersive 3D VR environment to perform atomistic simulations to enable scientists to perform accelerated calculations to solve problems with performance enhancements over conventional methods. Another important value in the immersive 3D VR environment lies in its expanded use for multi-disciplinary research, influencing structuredependent applications, science learning, and design of nanodevices in fields such as materials science, chemistry, engineering, cognitive science, nanotechnology, and computer science among others.
INTRODUCTION
Materials science builds upon fundamental relationships between the processing, structure, and properties of matter. A key aspect of materials science learning is the ability to visualize the structure of materials. The visualization system presented here can facilitate strong visual understanding of molecular structures and enhance university level materials science education. Materials science is a challenging, multifaceted subject that presents young learners with the task of gathering basic knowledge and bridging concepts from several disciplines to solve problems. The visualization system described in this work provides scientists and educators with a tool to facilitate strong visual understanding of molecular structures, resulting in better preparation for materials science learning at the university level. The objective of this study was to evaluate the impact of a low-cost 3D VR implementation on visualization of molecular structures, e.g. carbon nanotubes. Students learning effectiveness was measured when using 2D projection graphs, 3D ball-and-stick models, and finally, an immersive 3D VR environment with virtual models.
The 3D VR system consists of a specialized display, sensors, computers and other immersive visual technology equipment. This system represents a "virtual nanoscope" since it is a system which provides nanometer scale imaging. The modeling software allows the user to both manipulate and push buttons on the Wiimote to create 3D molecular structures (e.g. CNTs). This process is viewed through the combination of a 3D-capable large format television with synchronized 3D goggles. This results in a 3D virtual reality workspace within which the user can dynamically create and manipulate virtual molecular structures which reflect real-world physical behavior based on interatomic forces simulated in the modeling software. This 3D VR system demonstrates the potential of a relatively inexpensive (~$7K) and accessible tool that can contribute significantly to both materials science education and academic research efforts.
PROCEDURE
Providing a means for intuitive understanding of the structure-property relationships in matter to young learners is important to enhance their education and training as future scientists and engineers. In this work, we focused on evaluating the impact of the 3D VR environment on the visual ability to perceive carbon nanotube structures in three dimensions and on quantifying the learning of undergraduate engineering students.
I. 3D VR System Setup
A 3D VR system integrates several components. To establish a VR modeling environment, three main components must be provided: (1) command interaction with the modeling program (via Wiimote and modeling computer), (2) 3D object tracking (via tracking computer and cameras), and (3) 3D model display (via modeling computer, 3D TV and 3D goggles). The modeling computer is prepared with an installation of a Linux-based operating system (e.g. Ubuntu). The base operating system is modified to enable the installation of essential software components. The Virtual Reality User Interface (VRUI) toolkit defines the VR hardware into a common interface. The Nanotech Construction Kit (NCK) is software written for VRUI to present the user with a designed VR environment for the construction, manipulation and structural analysis of nanomaterials. Modeling within NCK is facilitated by an input device -a Wiimote -and a tracking system which includes a tracking computer and tracking cameras. The tracking system traces the movement in the 3D workspace of the Wiimote for command input and the location of the viewer for accurate 3D model presentation. The final 3D model is displayed on a large screen 3D-enabled TV and viewed with accurate perspective through synchronized 3D goggles. A manuscript strictly focused on the above hardware and software is currently in preparation.
In general, the steps used to setup our low-cost 3D VR system ( Figure 1 ) included: 1) On modeling computer: install the base operating system and necessary modifications 2) On modeling computer: download, install, and perform basic testing on VRUI toolkit and NCK software. 3) On tracking computer: install the tracking cameras and tracking software. Perform basic calibration of tracking system. 4) On modeling computer: configure VRUI to accept tracking information and calibrate tracking and modeling coordinate systems to match the 3D working environment and tracked objects. 5) Test entire system with all components in creation of 3D models via NCK software. 
II. Implementation in COINS Project
Once our 3D VR system was setup and tested, we implemented this learning tool in the 2009 COINS summer research project in which 10 undergraduate students investigated the structure of carbon nanotubes. The study consisted of 3 stages in which participants learned about the structure of CNTs via traditional methods (2D projection graphs from textbooks), physical (3D ball-and-stick) models and virtual (3D VR) models. Specific activities were designed for the students to gain knowledge of the main types of CNT structures of selected chirality and to perform basic structural analysis. The method used in the implementation of our 3D VR system in the summer project was presented [2] and a manuscript containing relevant information is in progress. The results from these activities were measured via weekly surveys to assess the learning experiences of the students. We then evaluated the benefits and challenges of each teaching method and compared them as to assess their potential impact on nanoscience learning. Figure 2 shows a schematic representation of the immersive 3D virtual reality environment used for interactive learning at UC Merced. Figure 3 depicts our current 3D VR system, its basic components and various students using this learning tool to study CNTs. . Current 3D VR system in the Davila research laboratory at UC Merced (top left) and basic input and tracking devices used for nanoscience research (bottom left). Undergraduate students using the 3D VR system ("virtual nanoscope") learn about the structure of carbon nanotubes in the 2009 COINS project. Snapshots (top right to bottom right) illustrate students using the 3D VR system to build virtual carbon nanotubes and performing structural analysis.
RESULTS

I. 3D VR System at UC Merced
II. COINS Undergraduate Project
Evaluation of the electronic surveys submitted by the students participating in the 2009 COINS summer project revealed interesting results [2] . When using the traditional method (2D projection graphs from textbooks), most students indicated no difficulty in perceiving depth from a 2D projection of a CNT, but a smaller percentage was actually measured to be able to demonstrate this ability. Analysis of a visual exercise showed that students had a dominant poor visual ability to see depth and imagine portions and shapes. We reported that the traditional method led to a poor success rate when teaching students about CNTs via 2D projection graphs from textbooks only [2] . For the physical (3D ball-n-stick) models, most students described excellent depth perception of the CNT models and that physical manipulation of the models helped them in observations and analysis exercises. We observed also that the visual exercise in this stage indicated students had an enhanced visual ability to see depth when using these models. For the virtual (3D VR) models, close to 80% of the students reported that they could adequately perceive depth in virtual CNT models and that they had positive experiences compared to the previous methods. Additionally, the visual exercise in this stage highlighted an improved visual ability of the students to see depth in virtual CNTs. After preliminary analysis, results indicated that learning using 2D projection images from textbooks is not appealing to the students. Physical 3D models motivated students by allowing interactivity and thus held their attention better in activities than the traditional method. Virtual reality 3D models allowed complete manipulation and measurement of accurate CNT structures which mimicked attractive and repulsive forces, engaging students and giving them a better understanding of this nanomaterial when compared to more traditional methods. Some limitations encountered in using this system for teaching included occasional intimidation in using new technology and dizziness. Future efforts will be made to address these issues. A detailed manuscript with information about the summer project and preliminary cognitive results [2] is forthcoming that will address cognitive and materials education aspects deriving from this study.
DISCUSSION AND CONCLUSIONS
Technological advances have allowed the creation of low-cost 3D immersive VR systems accessible to the researcher and educator. Such economical 3D VR systems can be an effective alternative to more expensive packaged solutions when computer expertise is available [3] . The 3D VR system described here is more accessible and flexible for the average researcher or educator than more expensive immersive VR wall or room environments available in specialized facilities. Immersive VR solutions are promising for use in fields such as materials science, chemistry and biochemistry where visualization is a key factor. Low-cost immersive visualization systems can provide an effective learning and research environment, and continue to gain academic following. To our knowledge and after extensive review of the literature, the 3D VR system at UC Merced is the first of its type used for nanoscience learning via an undergraduate research program in the field of materials science and engineering.
The presented VR implementation can provide a rich learning environment that surpasses traditional methods by providing a deeper understanding of the atomic arrangement of materials at the nanoscale (e.g. carbon nanotubes), allowing additional insights, and improving the level of engagement among the participating learners. As students show positive response to the immersive VR environment, it may provide an additional means to supplement materials science education and improve student learning. A different study concluded that students could receive the same level of learning using 2D vs. interactive 3D media, but were able to spend less time when using interactive 3D media [4] . As other studies corroborate the need to establish better visual learning tools in the classroom, additional investigation is warranted. Further analysis of the data obtained during the summer COINS program will provide a more detailed understanding of the specific enhancements immersive VR affords.
FUTURE WORK
While the system is currently used to model molecular structures, work is underway to expand its use to apply accelerated molecular dynamics simulation studies to virtual models of selected nanomaterials as well. Time-efficient simulation of nanostructures is a challenging problem, however technological advances [3, 5] and new programming techniques allow for the use of graphics hardware as general-purpose number crunching devices. This technique is rapidly gaining interest and quickly becoming a promising and accessible method of high performance computing. Future academic efforts will likely include the development of teaching tools for the instructor and/or teaching assistance to address designed learning activities by the student or group of students. Finally, this work can help efforts to better prepare the next generation of future professionals, particularly in nanotechnology [6] .
